Background: Forkhead box P3 (FOXP3) is an important marker of regulatory T cells. FOXP3 polymorphisms are associated with autoimmune diseases, cancers, and allograft outcomes. We examined whether single nucleotide polymorphisms (SNPs) at the FOXP3 locus are associated with clinical outcomes after allogenic hematopoietic stem cell transplantation (HSCT).
INTRODUCTION
Allogenic hematopoietic stem cell transplantation (HSCT) is a curative treatment for patients with hematologic malignancy, bone marrow failure, and congenital immunologic diseases. However, despite the increasing use of allogenic HSCT, it still has severe complications with high morbidity and mortality, such as acute and chronic graft-versus-host disease (GVHD) and post-HSCT infections [1] . GVHD is a donor T cell-mediated immune response, which results in tissue damage of the recipient [2] . The removal of donor T cells can prevent GVHD, but contributes to a delayed immune constitution and thus increased opportunistic infections [3, 4] .
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play essential roles in maintaining immune homeostasis [5] but also establish tolerance after transplantation [6] . Recent studies have implicated Tregs in the development of GVHD and suggested that the immunosuppressive potential of Tregs can be used therapeutically to reduce the incidence and/or severity of GVHD [7] . The use of Tregs in transplantation has garnered substantial interest. Many researchers have attempted to identify new markers related to Tregs and to develop therapeutic strategies to improve graft survival and avoid post-transplant complications [8, 9] . Forkhead box P3 (FOXP3) is a master regulator of Treg development and function. FOXP3 expression is important to regulate CD4 + CD25
+ Treg development and function, but the molecular mechanisms that are involved in the regulation of the FOXP3 expression remain unclear [10] . Many studies have shown that the regulatory mechanism of gene expression is controlled by genomic polymorphisms. Single nucleotide polymorphisms (SNPs) in FOXP3 have been associated with various diseases [11] , including asthma [12] , preeclampsia [13] , systemic lupus erythematosus [14] , autoimmune thyroid disease [15] , lung cancer [16] , breast cancer [17] , and colorectal cancer [18] . Recently, several studies reported that FOXP3 SNPs are associated with allograft outcomes after renal transplantation, but there is ongoing debate over whether FOXP3 SNPs have a positive or negative association with allograft outcomes [19] [20] [21] [22] . Moreover, few studies have investigated whether there is an association between SNPs in FOXP3 and clinical outcomes after allogenic HSCT [23] . We examined the association between five SNPs (rs5902434, rs3761549, rs3761548, and rs2232365 located in the promoter region and rs2280883 located in the intronic region) in FOXP3 and different clinical outcomes after allogenic HSCT: the occurrence of GVHD, post-HSCT infection, relapse, and patient survival. These five SNPs were selected among those directly or potentially associated with diseases by a literature search and analysis using the HaploReg v. 4.1 database. [24] , were obtained from medical records (Table 1) . Patients' median age was 37 years (range 17-67 years), and the majority were male (60.5%). Most patients had fewer than two mismatched HLA alleles, except for six patients who had three or more allele mismatches. In addition, most patients were diagnosed as having acute leukemia before allogenic HSCT, and the dominant stem cell source was peripheral blood (92.4%). Conditioning chemotherapy was performed before transplantation for patients who received HSCT from an unrelated donor. The regimen varied according to the type of underlying disease and the condition of the patient, but included the following: busulfan plus (cyclophosphamide or anti-thymocyte globulin plus fludarabine), fludarabine plus (cyclophosphamide, melphalan, cyclophosphamide plus anti-thymocyte globulin, or melphalan plus anti-thymocyte globulin), total body irradiation plus cyclophosphamide, and total lymphocyte irradiation plus anti-thymocyte globulin. Patients were treated with cyclosporine or tacrolimus with or without a short course of methotrexate (days 1, 3, 6, and 10) as GVHD prophylaxis and treated with ciprofloxacin, itraconazole, acyclovir, sulfamethoxazole/trimethoprim, or intravenous immune globulins as infection prophylaxis. Our study was approved by the Institutional Review Board for Human Research of Seoul National University (IRB No. 1702-024-829).
METHODS

Study population
Acute (grades II-IV) and chronic GVHD were diagnosed based on published criteria [25, 26] . To reduce potential bias of the acute GVHD group, 13 patients who died within 28 days after allogenic HSCT were excluded from our analysis of acute GVHD, but they were included in our analysis of infection. Infection was defined as the isolation of a certain pathogen, such as virus, bacteria, fungus, and tuberculosis (TB), from microbial cultures or positive results from nucleic acid amplification or antigen tests. Disease relapse was determined based on the bone marrow examination of patients. Overall survival was defined as the time from graft infusion to death from any cause at time of analysis (March 1, 2017). For event-free survival, death or relapse was considered events.
DNA preparation and FOXP3 SNP genotyping
We collected DNA samples from 172 patients whose pre-transplant HLA typing test had been requested. DNA was extracted from peripheral blood or bone marrow using the QuickGeneMini80 DNA isolation system (Fujifilm, Tokyo, Japan) when pretransplant HLA typing was done. After HLA typing, DNA stored at -80°C were genotyped for the selected five FOXP3 SNPs (rs5902434, rs3761549, rs3761548, and rs2232365 in promoter region, and rs2280883 in intronic region) by PCR sequencing. Among our cohort of 172 patients, we excluded two to five cases depending on the SNP, because they could not be accurately genotyped due to poor DNA sample quality. PCR was performed with 40 μL reaction mixtures containing 40 ng DNA, 0.8 μL dNTP mix (10 mM of each dNTP), 2 μL of each primer at a concentration of 10 pmol/μL, 2.0 mM MgCl2, 1.0 U Taq DNA polymerase (Roche, Basel, Switzerland), and 4 μL of 10X reaction buffer. Five SNPs were analyzed following the identical PCR protocol. Initial denaturation was performed at 95°C for 5 minutes, followed by 30 cycles of denaturation at 95°C for 30 seconds, annealing at the respective annealing temperature for 30 seconds, and extension at 72°C for 30 seconds with a final extension at 72°C for 5 minutes. Next, 2 μL ExoSAP-IT PCR Clean Up (Affymetrix, Santa Clara, CA, USA) was added to 5 μL of PCR product, followed by incubation at 37°C for 15 minutes and at 80°C for 15 minutes. We then added 1 μL of 5 pmol/μL sequencing primer, 4 μL of deionized water, and 4 μL of BigDye Terminator Ready Reaction Mix (Life Technologies, Grand Island, NY, USA) to 1 μL of purified PCR product. Following 30 thermal cycles of 96°C for 10 seconds, 50°C for 5 seconds, and 60°C for 4 minutes, 25 μL of absolute ethanol (EtOH) and 2 μL of 3 M sodium acetate/ EDTA buffer (pH 4.6) were added. After vortexing and centrifugation at 2,000 ×g for 30 minutes, the supernatant was discarded, following by the addition of 50 μL of 80% EtOH and centrifugation at 2,000 ×g for 5 minutes. Finally, 15 μL of Hi-Di Formamide (Life Technologies) was added, and the sample was heated at 95°C for 4 minutes. Samples were 
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bbreviations: Del, deletion; AT, annealing temperature; F, forward primer; R, reverse primer.
Statistical analysis
Differences in genotype distributions between each group were calculated using Pearson's chi-squared test or Fisher's exact test. Univariate and multivariate analyses were performed using logistic regression. The following variables were included in our analysis: recipient age and sex, the number of HLA allelic matches for HLA-A, B, Cw, DR, and DQ locus, the type of disease at transplantation, the conditioning regimen, stem cell source, the EBMT risk score, and donor age and sex. Estimates of acute GVHD and relapse were calculated using cumulative incidence rates. Overall survival and event-free survival were calculated using the Kaplan-Meier method and compared using the log-rank test. Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated for genotypes showing a significant P value. P < 0.05 was considered statistically significant. Statistical analysis was performed using SPSS Statistics for Windows Version 23.0 (IBM Corp., Armonk, NY, USA).
RESULTS
Association between FOXP3 SNPs and acute GVHD and post-HSCT infection
Acute GVHD patients showed an increased frequency of the rs3761549 T/T genotype (15.5% vs 3.3%, respectively, OR = 5.3, P = 0.017), rs5902434 ATT/ATT (32.3% vs 16.7%, OR = 2.4, P = 0.031), and rs2232365 G/G (31.2% vs 15.0%, OR = 2.6, P = 0.023), whereas patients with post-HSCT infection (Table 3) . No association was observed between genotype frequency of these five FOXP3 SNPs and infection of a given pathogen, such Fig. 1 . Impact of the FOXP3 polymorphism on acute GVHD occurrence after allogenic HSCT. (A) rs5902434, (B) rs3761549, (C) rs3761548, (D) rs2232365, and (E) rs2280883. Recipients with rs3761549 TT genotype showed higher cumulative incidence of acute GVHD than recipients with rs3761549 CC or CT genotype (P = 0.023).
Abbreviations: FOXP3, Forkhead box P3; GVHD, graft-versus-host disease; HSCT, hematopoietic stem cell transplantation. as bacteria, CMV, Epstein-Bar virus, fungus, and TB (data not shown). Fig. 1 shows that patients with the T/T genotype of rs3761549 showed higher cumulative incidence of acute GVHD than those patients with the C/C or C/T genotype (P = 0.023), while patients with the ATT/ATT genotype of rs5902434 or the G/G genotype of rs2232365 showed a tendency of higher cumulative incidence of acute GVHD, although these findings were not statistically significant (P = 0.155 and P = 0.123, respectively) (Fig. 1) .
In the multivariate analysis, the TT genotype of FOXP3 rs3761549 was an independent risk factor for the occurrence of acute GVHD (P = 0.032, hazard ratio = 5.584, 95% CI = 1.160-26.882; Table 4 ). The five FOXP3 SNPs were not associated with chronic GVHD (data not shown).
Association between FOXP3 SNPs and relapse and patient survival
Based on the 50 patients in our cohort who relapsed, we found no evidence of an effect of FOXP3 SNP genotype on the incidence of relapse. Genotypes at these five FOXP3 SNPs did not influence their overall survival and event-free survival (data not shown).
DISCUSSION
We evaluated the clinical impact of five different FOXP3 SNPs on outcomes of allogenic HSCT. A previous study found that patients with the rs3761548 CC genotype showed higher incidences of hepatic veno-occlusive disease and CMV infection, but found no evidence of an association with GVHD or relapse [23] . We also found no evidence of an association between rs3761548 and clinical outcomes in allogenic HSCT, although rs3761548 has been associated with various immune-related disorders [11] and renal allograft outcomes [19, 20] . The T/T genotype of rs3761549 has been associated with the development and progression of endometriosis [27] , endometriosis-related infertility [28] , and Graves' disease [15] ; thus, this genotype may be involved in regulation of inflammatory or autoimmune responses. However, no study has investigated whether there is an association between rs3761549 and clinical outcomes in organ transplantation or HSCT.
Wu et al [29] reported an association between the del genotype of rs5902434 and an increased risk of unexplained recurrent spontaneous abortion. However, other studies did not find a significant association with renal allograft outcomes [21] or psoriasis susceptibility [30] . Wu et al [29] also reported an association between the G/G genotype of rs2232365 and increased risk of unexplained recurrent spontaneous abortion. Misra et al [20] reported that renal allograft patients with the rs2232365 G/ G genotype showed lower overall survival and 5-year survival. In contrast, Qui et al [19] found no association between rs2232365 and renal allograft rejection in their cohort. Because of these conflicting findings, the impact of rs3761548, rs3761549, rs5902434, and rs2232365 at the FOXP3 locus on regulatory immune responses, which are related to the development of acute GVHD after allogenic HSCT, remains unclear. These four SNPs are all located in the FOXP3 promoter region, which contains DNA binding sites for transcription factors (TFs). It can be hypothesized that depending on the alleles of these SNPs in FOXP3, FOXP3 expression are modulated by altering the binding affinity of transcription factors to their binding element and by modifying the kinetics of transcription regulation. A variant(s) is likely to contribute to a decrease in the quantity or quality of FOXP3, resulting in a sequential decrease of Tregs, which play a critical role in suppressing autoreactive lymphocytes and regulating hyperactive immune responses. To clarify the putative functional relevance of FOXP3 SNP genotypes in detail, we utilized the P-match program (http://gene-regulation. com/pub/programs.html#pmatch) to search TF binding sites [31] . Interestingly, we found that rs3761549 is situated in a DNA binding site for activating enhancer binding protein 4 (AP4), and it is predicted that AP4 cannot bind to DNA with the T allele of rs3761549. AP4 is a TF regulated by IL-2R signaling involved in a Myc-dependent gene expression program that sustains the rapid clonal expansion of antigen-specific CD8+ T cells by encoding components of the glycolysis pathways [32] . Therefore, although our understanding of the molecular mechanism of AP4 and FOXP3 in Tregs is limited, the modification of AP4 binding affinity in individuals homozygous for rs3761549T may induce less clonal expansion of Tregs and relative proliferation of effector T lymphocytes. We speculate further that these changes may cause the destruction of tissues and organs, thus leading to an increased incidence and/or severity of acute GVHD [33] .
Importantly, the rs3761549 T/T genotype, rs5902434 ATT/ ATT genotype, and rs2232365 G/G genotype were associated with decreased risk of post-HSCT infection. Tregs have been related to immune responses for pathogens and outcomes of some infectious diseases [34, 35] . More specifically, Tregs inhibit the proliferation of effector cells, such as CD4+ helper T cells or CD8+ cytotoxic T cells, and the production of cytokines such as interferon-γ, as well as directly secrete immunosuppressive cytokines, such as IL-10 and TGF-β [36, 37] . Further, a decreased number of Tregs confers resistance to viral infection [38] . Therefore, in our study, the association of FOXP3 SNPs with a lower infection rate after HSCT may reflect downregulation of Tregs, which inhibit helper T cells, cytotoxic T cells, and cytokine production, and may contribute in preventing pathogen proliferation by effector T cells and cytokine release.
Few studies have investigated associations between FOXP3
SNPs and infection after organ transplantation or HSCT. Piao et al [23] reported an association between rs3761548 and CMV infection after allogenic HSCT. SNPs of other immune-regulating genes, such as IL28B, TLR9, DC-SIGN (also known as CD209), and IFNL3/4 (interferon lambda 3/interferon lambda 4), have been associated with CMV infection in solid organ transplantation [39, 40] . In our study, the lack of an association between FOXP3 SNPs and post-HSCT infection in subgroup analysis including CMV infection may have been caused by the small number of cases.
The present study has some limitations. The number of patients was relatively small, and patients were recruited from a single center, so there may be some selection bias. Further studies with a larger number of patients are needed to confirm our hypothesis. In addition, we did not confirm whether FOXP3 SNP genotypes actually contributed to the decrease in the FOXP3 expression, although we checked which TFs were able to bind to FOXP3 SNPs using software.
Nevertheless, our findings provide the first evidence that allogenic HSCT patients harboring the rs3761549 T/T genotype, the rs5902434 ATT/ATT genotype, and the rs2232365 G/G genotype have an increased risk of acute GVHD and a decreased risk of post-HSCT infection. These SNPs can be used as potential markers to predict clinical outcomes of allogenic HSCT and provide personalized care for high-risk patients. Furthermore, these findings may also contribute toward the development of new treatment modalities targeting immune reconstitution or enhancing Tregs population in allogenic HSCT.
